The kinetic friction and wear at high sliding speeds is investigated using the head-disk interface of hard disk drives, wherein, the head and the disk are less than 10 nm apart and move at sliding speeds of 5-10 m/s relative to each other. While the spacing between the sliding surfaces is of the same order of magnitude as various AFM based fundamental studies on friction, the sliding speed is nearly six orders of magnitude larger, allowing a unique set-up for a systematic study of nanoscale wear at high sliding speeds. In a hard disk drive, the physical contact between the head and the disk leads to friction, wear and degradation of the head overcoat material (typically diamond like carbon). In this work, strain gauge based friction measurements are performed; the friction coefficient as well as the adhering shear strength at the head-disk interface are extracted;
Tribology at nano and micro scales is a field of growing interest. An in-depth understanding of friction and its properties is essential for the design of miniaturized devices (micro-electro mechanical systems) [1] . Phenomenological laws of dry friction were established by Amontons and Coulomb, around 200 years ago, and it was empirically determined that the frictional force between two macroscopic bodies is linearly proportional to the applied load, and is independent of the macroscopic 'apparent' contact area [2] . Later, Bowden and Tabor proposed that at the microscopic level, the friction force arises due to the shear strength of the contacting junction, which in turn is proportional to the 'real' contact area, and verified it through various experimental and theoretical studies [3] [4] [5] [6] [7] . For adhering surfaces the friction force is a sum of both the load dependent and real contact area dependent forces [3] . However, most of these frictional studies at nanometer scale are limited to sliding speeds of less than few tens of micrometers per seconds [8] [9] [10] .
Understanding friction at high sliding speeds, and at the nanometer scale has been particularly challenging [11, 12] . It is desirable to have surfaces with sub-nanometer roughness that sustain minimal wear during high speed contact. The head-disk interface of hard disk drives provides a unique platform for such studies. In a hard disk drive, every intentional or unintentional contact between the head and the disk leads to friction and physical wear of the head overcoat layer, which typically is a diamond like carbon [15] . The head has a local microscale heater which sets both the sub-nanometer vertical clearance and a few tens of square microns of 'apparent' contact area with the disk, which is sliding at a speed of 5-10 m/s relative to the head. These sliding speeds are six orders of magnitude higher than AFM based studies [13, 14] . While the current experimental results are motivated and illustrated using the head disk interface and the associated drive components, this unique setup may be extended to perform fundamental studies on nanoscale friction at high sliding speeds using other material interfaces.
In this letter, a detailed experimental study of friction between the head and the disk and the resulting head overcoat wear is presented. The disk is fabricated by depositing a magnetic multilayer structure onto a glass substrate, and coated with ≈ 3 nm amorphous nitrogenated carbon (protective overcoat layer), and finally covered with a molecular layer of perfluoropolyether polymer lubricant (≈ 1 nm thick). The head is coated with 1.4 nm of diamond like carbon on top of a 0.3 nm silicon based adhesive layer on an alumina coated substrate. The typical roughness R a of the disk and the head surfaces are both 0.4 nm. Thus, the head disk interface is a smooth carbon-lubricant-carbon high speed sliding interface. The head surface is carefully etched such that an air lift force keeps it passively afloat at a fixed clearance over the disk [16] . The initial nominal clearance (physical gap) between the head and the disk is typically 10 nm. Further, clearance is controlled using an embedded micro-heater in the head (inset Figure 1) . The micro-heater generates a localized protrusion on the head surface, thus bringing it in contact with the disk. Contact between the head and the disk is detected using an acoustic emission (AE) sensor, which detects elastic propagating waves generated during the head-disk contact events [17] . A calibrated strain gauge is instrumented to measure the friction force at the head disk interface along the sliding direction. Figure 1 shows a typical contact and friction measurement. As the micro-heater power increases (abscissa), a protrusion develops on the head (lateral dimensions ≈ 5 µm × 2 µm and radius of curvature of around 20 mm), bringing it closer to the disk. The contact is detected as a sharp increase in the AE signal. Further increase in the micro-heater power increases the applied normal load at the interface. Finite element based protrusion simulation is used to calculate the normal load L at the interface [18] . Simulations agree with the experiments within to 20% for various measurable quantities like initial flying height and protrusion geometry, and estimates that the normal load changes by 0.25 mN per milliwatt of heater power beyond contact. Subsequent to contact, the data shows a linear increase in the friction force with increasing normal load at the interface, the slope being the friction coefficient.
In most AFM based friction and wear studies, the wear is estimated ex-situ using either the AFM or a electron microscopy of the worn track, which limits the measurement of the wear depth/volume versus sliding distance to a few data points [19] [20] [21] . Ideally, to gain better insight into the wear process an in-situ monitoring of the wear is desired. In this aspect, the head-disk interface has a unique feature with the micro-heater power calibrated precisely to measure the wear depth/volume in a continous manner during the experiment. Subsequently, the wear occurs at a steady rate of 0.0028 nm/m. The initial rapid head wear may be attributed to the rapid burnishing of outlying asperities on the head, as well 3 as to the sp 2 enriched content on topical overcoat layer. After remaining in contact with disk for 300 m, the protective carbon overcoat is worn out completely, and the wear rate increases significantly. This result demonstrates the superior wear resistance of the carbon overcoat, and the protection it offers to the critical structures underneath. Figure 2b shows the friction force between the head and the disk for the experiment presented in Figure 2a .
It shows that the friction force increases gradually with travelled distance, and rises sharply once the carbon overcoat is worn out. Figure 2c shows the friction force as a function of the overcoat wear depth. Based on the slopes, the wear is divided into three distinct 'stages': The aforementioned experimental data formalizes into the form, F = µL + F A [3] , where F is the total friction at the interface, µ the coefficient of friction, L the applied normal load, and F A the adhering component of friction. The slope of the linear fit in Figure 3a gives the coefficient of friction, and the ordinate intercept corresponds to the adhering friction at 'no/negligible' applied normal load. This component of friction at 'no/negligible' applied normal load may be attributed to the adhesive interaction between the atomically smooth interacting surfaces and is expected to scale with the real area of contact. Figure 4a shows the friction coefficient (similarly as in Figure 3b ) at different wear depth conditions, and it shows that the coefficient of friction changes little with increasing head 4 wear. The friction coefficient obtained for this high sliding speed interface is similar to that reported in literature (ranging between 0.1-0.3), which were measured using an AFM for about six orders of magnitude slower sliding speed [22, 23] . This result exemplifies that the adhering component of frictional force F A takes the form,
where σ is the shear strength of the interface, and A 0 the real area of contact at 'no/negligible' applied normal load conditions. Consequently, the slope of linear fit in Figure 4 gives the shear strength σ of the head disk interface. Estimating A 0 for a high sliding speed interface, which is wearing with the sliding distance is non-trivial. Therefore, the shear strength is estimated from the measured apparent area of contact. The apparent area of contact is estimated by observing the burnish pattern on the head using an AFM. It is measured to be around ≈ 18 µm × 5 µm, which gives a shear strength of around 9 M P a, which is in the range of measured values reported in literature [4, 25] . It is noted that the apparent area of contact estimated from AFM agrees with the simulation to within 20%.
In summary, a systematic study of friction and wear is performed for a high sliding speed interface using the experimental apparatus of hard disk drives. It is shown that the frictional force follows the dry frictional model even at high sliding speeds. In accordance with this model, a method to extract the coefficient of friction as well as the shear strength of the interface is outlined. This information and methodology is expected to be of great importance in understanding and improving the wear properties of nanoscale devices, which experience high sliding speeds.
With particular focus on the head disk interface of hard disk drives, a thorough understanding of the head wear process impacts the understanding of drive reliability, and hence holds great economic value to the industry. The results presented in this work demonstrate the superior wear resistance properties of the carbon overcoat and its importance in protecting the critical head elements underneath. The results also show that the adhering component of the friction force is important, increases with head wear, and can be a significant contributor to friction during contact events. 
